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was fully reviewed by Hiiber ( I 3). More recently, Shanes has surveyed the work concerning the action of calcium on membrane phenomena of excitable tissues ( I 8, I 9). The influence of calcium on the properties of nonexcitable secretory membranes has been investigated in such tissues as rat small intestine (4), frog skin (I, 2) , and toad bladder (11). Calcium ions have also been shown to affect secretory and electrical phenomena of frog gastric mucosa (9, 16) ; however, the precise mode of action has not been de-fined. In the present study by measuring changes in the electrical parameters (transmucosal potential difference, short-circuit current, and conductance) together with changes in ion movement after removal of calcium we investigated the role of calcium in the regulation of permeability and the secretion of hydrochloric acid by isolated sheets of bullfrog gastric mucosa.
METHODS AND MATERIALS
Prefiurution of tissue and solutions. Gastric mucosae of bullfrogs, Runu cutesbiunu, were dissected as previously described (7), mounted between two Plexiglas chambers ( Fig. I acid secretion was measured at the previously described o.5-hr intervals, and the results of two experiments were averaged and plotted in Fig. 4 . The effects of EDTA on increasing the flux of sodium, potassium, and chloride are obvious and there is an apparent decrease (see DISCUSSION) in acid secretion, all of which are readily reversed by the addition of calcium. Tt should be pointed out that the N + S fluxes of chloride in Table  2 are considerably higher than the IV--+ S fluxes in the tube experiments reported in Table I and Fig. 4 . The differences are most likely related to the presence or absence of chloride in the secretory solution and are discussed fully by Heinz and Durbin (I 2). The mucosal conductance was dramatically increased by EDTA whereas the short-circuit current was not consistently affected (average of 8 % decrease). Chloride flux in both directions across the mucosa was increased (Table 2) . However, the net flux, as determined by comparing AN -+ S with AS -+ iV, was not significantly altered (P > 0.6).
To determine whether the increased movement of materials across the mucosa occurred by an extracellular route, the flux of sucrose (supposedly mainly an extracellular substance) labeled with Cl4 was measured. The mucosa was mounted on the tubes described earlier and both sides bathed with bicarbonate saline. Sucrose-U4 was added to the nutrient chamber (20 ml solution contained I .4 mg of sucrose-Cl4 with specific activity of I. I 3 pc/mg) and the appearance of radioactivity into the secretory solution was measured during control periods, after EDTA, and after calcium was added to the system. The values for the sucrose flux given in Fig. 5 are expressed as the ratio of total counts appearing in the secretory solution to the total counts in the nutrient solution.
Sucrose flux was increased by EDTA and the values restored toward normal with the subsequent addition of calcium. The fact that sucrose is largely an extracellular component of the gastric mucosa was supported by desaturation studies on the tissues used in the abovementioned experiments, showing that 50 % of the total radioactivity was removed from the tissue in less than g min. The relative changes in N+ S flux of sucrose (Fig.  5) are of the same magnitude as those for the N--, S flux of sodium (Table  I: ), also presumed to be mainly an extracellular component. DISCUSSION Curran, Zadunaisky, and Gill (2) have shown for frog skin that EDTA caused a deterioration of the p.d. and a rise in conductance.
The short-circuit current was decreased on average about I I 76 within the 1st hr. The inward or active flux of sodium did not change with EDTA whereas the backward or passive flux increased. Curran et al. have suggested that the removal of calcium does not interfere with the active sodium transport mechanism per se, but that it regulates passive ionic permeability through the skin. Similar to these general observations on frog skin, we have found that the removal of calcium caused a fall in the transmucosal p.d. and a rise in conductance.
These effects of calcium depletion on the electrical parameters suggest that this ion plays a primary role in the regulation of permeability of gastric mucosa and this was supported by the measurements of ion fluxes.
Both unidirectional fluxes of chloride were most certainly increased by EDTA, but the net flux was not significantly affected as is seen by comparing the AN-+ S flux with the AS--, Iv flux (P > 0.6). In theseexperiments, with the secretory side buffered with bicarbonate saline, no consistent change was noted in the short-circuit current (average 8 % decrease). Thus it would appear that active chloride transport was not significantly altered by removal of calcium within the time interval of these experiments.
However, as Hogben (14) has shown, the net chloride flux is the sum of the shortcircuit current of chloride ions plus hydrochloric acid secretion. Since measured acid secretion was apparently inhibited by EDTA, why doesn't the short-circuit current increase or the net chloride flux decrease? Before going further it might be useful to discuss the effects of EDTA upon acid secretion.
The calcium-free environment was without effect on the measured acid secretion unless the transmucosal p.d. and mucosal conductance were affected. As a working hypothesis we might consider that the changes in electrical parameters
give rise to the change in measured acid secretion. In our experiments reduction of the p.d. to o mv by current from an external source was accompanied by a decrease in the measuredpacid secretion of 20-40 70. However, after the addition of EDTA the apparent fall in the secretory rate of acid in some experiments was to zero. Thus the fall in p.d. cannot account for all of the apparent decrease in acid secretion. If, however, acid secretion was not truly inhibited by EDTA, but only the apparent secretion as measured by the pH stat method, then the results of the chloride flux experiments mentioned above can be interpreted. As shown in Table I Site of action of EDTA. The permeability changes induced by calcium in red blood cells, nerve, and muscle fibers occur most certainly at the cell membrane (8, IO, 21). However, the gastric mucosa, frog skin, toad bladder, and the like cannot be treated simply as a single or double membrane layer with its associated "pumps" since they arc multicellular. Hays and Singer (I I) have shown for toad bladder that removal of calcium caused the epithelial cells to-become detached from the bladder and float freely in the medium.
For gastric mucosa the problem is especially complex because of the number of cell types present and their unique geometric arrangement (I 5) . For example, changes in permeability occurring across the surface epithelial cell layer may induce changes in potential across the oxyntic cell layer as might be predicted from the equivalent schematic circuits described by Rehm, Dennis, and Schlesinger (I 7) and by Villegas (20) .
For gastric mucosa some of the permeability changes induced by EDTA may certainly be at the nutrient and/ or secretory cell membrane(s) of the oxyntic cells, but the evidence that both sodium flux and sucrose flux across the mucosa were elevated suggests that a large portion of the permeability effects are on the spaces between these cells, that is to say intercellular spaces or pores. An equivalent circuit which would predict the effects of calcium remova .1. on the mucosa is given in Fig. 6 
